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Mouse embryo cells (C578L/6, H-2 b ) transformed by the El A and £1 6 genes of adenovirus type 5 {AdSE1 MEQ 
are highly Immunogenic. Previously, CTL were cloned from mice immunized with AdSBI MEC These CTL clones 
were capable of tumor eradication fn nude mice, and were directed against the AdSEIA-encoded decapeptide 
5GPSNTPPEI, presented by the MHC molecule. We have now generated Ad5E1 MEC containing a mutated 

AdSEi A-encoded epitope. The mutant Ad5E1 MEC induce a strong CTL response when Injected into immuno- 
competent mice. CTL clones generated against mutant Ad5 El -transformed tumor cells recognize an Ad5E7B- 
encoded epitope (VNIRNCCYl) in the context of H-2D b . Because this epitope is also present on wild-type AdSEl 
MEC, it is concluded that AdS El -transformed tumor cells express at least two CTL epitopes. Interestingly, the lysis 
of AdS El MEC by the Ad5E1 B-specific, but not by the Ad5E1 A-specific, CTL clones was strongly diminished by 
the action of the activated ras oncogene. CTL directed against the Ad5£l B-encoded epitope were, like AdSEl A- 
specific CTL, able to eradicate large established AdS ET -induced tumors In B6 nude mice, demonstrating that CTL 
activity directed against different CTL epitopes expressed by the same tumor can be exploited far immunotherapy 
of cancer. The Journal of Immunology, 1 99S , 1 54: 3396-3405. 



Tunjors induced by viruses often express Ags that 
can induce a T Cell-mediated tumor-specific im- 
mune response (1-3), Tumor Ags responsible for 
the generation of tumor>speciflc T cells against virus-in- 
duced rumors are generally found to be encoded by viral 
genes (for review, sec Refs. 1, 3). For instance, the T cell 
response of C57BI76 (H-2 5 ) mice (B6 mice) against a 
Friend leukemia virus-induced FBL-3 tumor was shown to 
be aimed at viral envelope and gag components (4). The 
Jmmunpdomiiiant CTL response of C57BI/10 (H-2 6 ) 
mice (BIO mice) against mink cell focus-inducing murine 
leukemia virus-induced BIO tumor cells is directed against 
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viral envelope protein (5). CTL generated against SV4Q 
transformed cells in B6 mice recognize peptides encoded 
by the viral T Ag (6-6). 

Tumors induced by human adenovirus type 5 (Ad5) can 
be eradicated by adoptive transfer of cloned CD8* CTL 
(for review see Refs. 1, 2, 9). In the case of Ad5 early 
region 1- (Ad5El-)* induced rumors, a peptide recognized 
by the CTL was shown CD be encoded by the viral E1A 
oncogene (10). This peptide, with the sequence SGPSNT 
PPEI, is recognized in the context of the H-2D b MHC 
molecule (11). An alternative approach for the prevendon 
and treatment of cancers is immunization, with T cell 
epitope^ntaining synthetic peptides. Recently, we showed 
that immunization with a synthetic peptide deduced riom the 
early-region 7 (E7) gene product of the human papilloma 
virus type 16 (HPV 16) led to the Induction of peptide-spe- 
cific CTL that recognized HPV 16-induced tumors. More- 
over, peptide-vaccinated mice were protected against tumor 



Abbi-eriatigna used in this paper? AdS El A, adenoviral cype 3 early region IA; 
Adsfiia, adenovirus type S early reg^n IB; HPV, human papilloma virvi: 
MEC, mouse embryo cdls; WT. wild-type. 
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outgrowth after a challenge with a lethal dose of HPV 16- 
induced rumor cells (12). 

A potential drawback of adoptive T cell transfer or any 
other form of T cell Immune therapy is tumor cell escape 
by alteration or down-modulation of the relevant T cell 
epitope. Several investigators have shown chat tumor cell 
variants escaping CTL recognition can emerge during 
coculdvarion of rumor cells with rumor-specific CTL (6, 
13-15). Id those cases, the escape variants of the tumor 
cell contained mutations in the CTL epitope-coding se- 
quences (15-17). A possiblo approach 10 minimize the risic 
co select for tumor Ag-negative variant during T cell- 
based immunotherapy is to direct the T ceil response to- 
ward different T cell epitopes expressed by the same tumor. 
Such an approach should be feasible in the cage ot for ex- 
ample, melanoma, because several different tumor Ags ex- 
pressed by melanoma cells have been reported (18-24). 

The purpose of this study was to determine whether a 
rumor expressing two distinct T cell epitopes can be erad- 
icated by adoptive transfer of CTL clones directed against 
either one of the epitopes. It is demonstrated that Ad5El- 
induced tumors are indeed climjnated in vivo by both 
AdSElA- and AdSElB^pecific CTL. Our data also show 
that the capacity of the Ad5ElB-specific CTL to Iyw 
AdSEl-expressiag tumor cell? is compromised if these ru- 
mors express, in addition to Ad5El, an activated EJroj 
oncogene, indicating that the recognition of the AdSElB- 
encoded CTL epitope is (town-modulated by the action of 
the EJraj oncogene. 

Materials and Methods 

Mice 

C57BEJti (B6 Kb, K*7*> mica were obtained from rhe- Netherlands Cau- 
«T IngdtUte (Ajnsrcrdam, The Netherlands) and CS7BL/6 Wrm fB6 
nude, H-2°) wore obtained from Bomholigaxd (Ry, Denmark). 

Cell fines and culture conditions . 

^ci^m 0 * wich mutoti0M * *e region encoding the peptide 
Spl Wtrc !»•«•«» « follawa: The E1A gencwas exceed m 
irA^TVC fragment from the plasmid P Adi*rrI (25) and cloned inn? 
P i UC1 i ™° rt4ul ^* plara,id ' P UCA W«1. ww digcLd with restrie- 
rfon eiKloiiuclwM » Drain, which cms at poaUioni 953 and 1410 within the 
~ SSS* fjftjk ««ricriofl finernwii. which m separated 
from the 953-1410 Drain fragment by electrophoresis, used W Twc«r 
Into this vecux Pram fragflftnta were ligaccd ihat wera gtDcroied by PGR* 
usmg pUCAdtorl aa » lempUte Aod » prlmcn the foUowing oUgonudc' 

f^r 5^QA.CQ\,rCn QfrT TTA.TCT.CAQ.GA 
T ^^T^t ^ ' ' upslreain Pnmei ^-OOCTTT.CCa.CC^AQ 
X»fiAC.gAGGAG-3 , , downstream primer S'-CGCGaCCaC fr,r, rvrr: 
T^T.CrCAOA.-AOa.TGrr-3- duLh^^S^S^SS 
Z"^^ *"* muuliQD * pep&fc-codbB «8iw> Tha batting W 
tant-AdSElA oonprucs ww Sequenced imxs ihs 9S3-1410 Dr»UI-&«». 
menls m i two directions 10 asjurt Hie presence of die desired auctions u 
WoU u lie stance of addliioul (Butaticiu dm could have been Introduced 
dunng lb* PCS raoim M raausB onbyo «n» (Bfi MEQ wprcato 

imwfecilon of pnmuy MEC *i,h an ElA-cncodlng plusntfd DBSlheTwith 

1^"°° (10) J U,d pSV " Ail5E1B ^ DCl1 . &£**ioa of *e E^td 
E1B g«» producu m <f,e tnmsWd MEC w>s vended bah dl the niRNA 
(Nerd*™ blottmg) and pn^ia 1«*| rimmvmapree^dan) (tote em 
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f^-f^ ^ f * generated u previously dojcribcd 
(10). All cbUi were mauinintd as dsscribed cbewhen (10. JO). 

Zl^SC S! P .k*- **" P"™^ ^ »°H<»-ph«* stratcgiB OA a multiple 
peptfdc ; jynibesiwr (Abutted AMS 422) as dejerfbed ertviously (12. 31) 

p^T^ E '.^^ SERGV ' PPGDNTDGGAA, PsS«J?WQV^ 
EEAJWLAKLM QftmNCANEL. DCCANELDLLA, VNUWCCY^ 
YISGNOAEVE1, CSNOHMWPGVl, FTGPNFS6TVF, VFLANTNLIl! 
. LANTNLI1JIOV. FYOFNNTCVEA, YGFNNTCVEA. MvcS 
PRA, CSDGNCHLL, LHLONRKQVFI, PYQCMJHTa 

Peptide binding studies and fACS analysis 
Peptide btadldg studies and FACS analysis using * FACSow flow cy. 

zszsttzssr- MouBttln Viflw ' CA) we ™ perf6med ■ 

Cell-mediated lymphocyte cytotoxicity 

^pcrimwtalprocedttrBsio i raeaauro ceU-mcdiatedcyicfgjdeitywertpcr- 
fonned in a Europium-CEu 3 -) rttoBse assay as described elsewhere OZ 
JZ). In shDn, vfcrying numbera of effecmr cells were addod to 2 X 10 s 
Eu 3+ -labelcd terget colls Ca tt.15 ml of culture medium in 95-welI U- 
boitom platen After H 4-h incubation it 37*Q supera«Mfs were coi- 
lecicd And mixed wirh Enhancer solurioa (WiUac, TaJoi, Finland) Mm- 
^ rAm P Ici loot P'^« ^ a 1254 Delfla HnQtometcr 
( waiJMc). THa mean percenUige Specific lysis of trfpUcatB welb was cal- 
culated as fellows: « Speclflclyiib - [(epm erperimMtni rck^ - cpm 
te P r c ^X 0 roa relCaSd)/(CPm nmj:llI1Um releaSB - c P m ^nttoeoua^- 

Ceneration of tumor-specific CTL clones 

Tuinor^wific CTL in bulk culture and CTL ctoau generated 
a 8 »lnst MTT and mullAt AdSEl-iranafbrmed colls according ihe method* 
described previously (10, 33). CTL clones were routinely stimulated once 
a week, and mainlined u pi6viou»|y described (10). aU CTL ctoftts and 
iJnca obtained had the marker profile Thy-1*, CD4" and CD8 + . 

Trvnsfectson of COS-7 cells 

Transient tra^cction in COS-7 Celk was performed as d^crfbed else- 
A^^nS^^iS 0 118 ^ P 1 " 111 ^ PAdS^tC pAd5A2, pAdl2/5, 
%5S5 P 1 * 13 ? 11 ' P 5dl5flC ' Gr P 3 XT toactherCto 100 
ng of plttmid pcPNAUArnp"D ft were tranafected by uu PBAE-dcntnut- 
Ghior<>quine method i m0 1 X 10« COS^7 ccUa (35). PUamid pAdWu>IC 
harbors the Ad5ElA and BlB gcnei; pAd5A2, pAd!2/5 and P Adl2£«;RI 
^^ST^^ A^^WAd^lB, Adl2£lA/5ElD. and AdllEW 
12E1B (28). pAdJ Arl (25) and pPDCll harbor respectively only AdSEl A 
and AdSElB (2?)* p5dl5ac harbors AdSBlA/AdJEXB 55 JdDa (not Ad5ElB 
fi!?? v * wcas pSTCT harbors AdSElA/Ad^ElB 21 IcDa (not AdSElB 55 
*pa> p^. 37> PJwmid pcDNAl/Amp-D 6 cootaios the ^20" gena. The 
pbunvIO! pcDNAI-p b wl, ennstructed by Ugating the ^emHL^I and Xb*U 
/^n-frigments o( q genomic H-2D b clone (cioits 1-3 and 3-4 respectively 
p8) Into pcDNAl/Amp (lavitrofeen, San Diego, Ca). Tba COS eeils w«e 
mojbaied in 100 ml Isoova's modified Ehilbccco', medium cantflinintt 6ft 
FCS for 72 h at 3TC, after which 1500 CTL in 25 ml Iscovc'a modified 
UUloecco 5 medium conoinlng 50 Carus Units of recombinant 1L-2 (rlL-2, 
Cb£U3 Corp.. EmeryvUle, CA) were added. After 24 h, (he supemouuit wa* 
ccdiected ^d its TNf oordem was dcTerrained by measirinft i&S cytotoxic 
cOsct on WEHM64 cliitte 13 oeUs as prcvioualy described (30). 
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Ad5E1 B-SPECIFIC CTL CLONES MEDIATING TUMOR ERADICATION 



In vivo administration of tumor^pcdfic CTL dories 

to vivo therapy for AdSEt-iaducEd tumors >*nih Lumor-speciflc CTL 
clones was pcrfonnetl as described piously (10). with alight modifl- 
catfoi*. tn ^9rt, B« nw/rttt mice wlih AdSEl-induwj himon nwging 
from 40 to SO mm 3 we» treated with Lv, irtjMlianA of B6 Aa5ElA- 
fflcdte CTL clow S (I J X KfXfl » S), B6 CTL ttono 01 genera wd 
iluait B6 Ad5El<T-+I> cell* (\-S x \(f){n = 5), Of B6 CTL clone 21 
£ncrw«l ng^inst B« AdSEl(F->$) cells (1,5 X IQ 7 K« = 5) id COmb*- 
fi&UoD with IJS X 10 s Ccws liaita cIL-l, administered $.c. In IFA at a sils 
dfo&Al £rtm the turgor. The ».c rtL-2 idministralion w« repented 
weekly. Artltwls in control ftoitpj (n => 5) were WlUd whea tbcir rumors 
gravu larger ttafl 500 fflrA* to avoid unnecessary lufering. 



Mi 



5G?5NTTPW 




1.3 O.lfl 0.09 
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Results 

Generation ofAdSEt MEC with An altered AdfEIA- 
encoded CTL ep/rope 

In previous studies the optimal size of the peptide recog- 
nized by Ad5ElA-specific CTL clones for binding to 
H-2D B -raolecules and for recognition by these CTL clones 
was shown to be ten amiao acids (sequence SGPSNTP 
PEI) (10, IX), This amino acid sequence lies outside the 
Ad5ElA domains involved in neoplastic transformation, 
allowing replacement of amino acids at this site without 
changing the transforming capacity of the AdSElA-region 
(39, Through an amino acid replacement analysis us- 
ing synthetic peptides, the amino acids in this peptide im- 
portant for recognition by AdSElA-specific CTL clones 
were identified (11, Kast, W,M. ( A.R. Offnng, and C.J.M 
Meiief, unpublished observations). The peptides SOPSNI 
PPEI (T-+I) and SGPSNTPSEI (P->S) were selected for 
further analysis. Both peptides bind to H-2D b -molecuIes 
With comparable affinity as the V/T AdSElA decapeptidc 
(Fig. L4 ), but the P-*S peptide is recognised 70 times less 
efficiently by AdJElAnSpecific CTL clone 5 (10) com- 
pared with ihe T-*I peptide or the WT pepdde (Fig. IB). 

On the basis of these studies, AdSEl MEC were gen- 
erated, which express Ad5BlA-gcnes harboring these mu- 
tations in the AdSElA-encoded CTL epitope. The recog- 
nition of these tumor cell lines by AdSElA-spccific CTL 
done 5 follows the prediction of the amino acid replace- 
ment analysis as performed with synthetic pepddes. The 
tumor cell lines expressing the T-»l mutation (Ad5El 
(T-+I) MEQ are efficiently recognized by Ad5ElA-spc- 
* ciflc CTL clone 5, whereas the tumor cell lines expressing 
the P-»S mutation (Ad5El(P-»S) MEC) are ngt recog- 
nized by Ad5ElA-spccific CTL (Fig. 2). 

CTL clones generated against (mutant) Ad5E1 MEC 
To determine the effects of Lhese mutations on the irotnu- 
nogcotcity of Ad5El-tiansfonned tumor cells, the CTL 
activity induced by immunization with the tumor cell lines 
was tested. Bulfc CTL derivad from mice immunized with 
cither WT or mutant AdSEl -transformed MEC displayed 
high tumor-specific CTL activity (data not shown). CTL 
clones were isolated from CTL balk Cultures to Identify 




5000 



0.5 0.05 O.OQS 
[peptide] (pM) 



FIGURE 1- Binding of WT AdSETA p*ptld<5 2M _Mj SG 
PSNTPPEl mutant pepHde SGPSNIPPE1 and mutant peptide 
SGP5NTP£Et to H-2D b -mofecules of RMA-S (A), and recog- 
nition of these peptides by 96 AdSElA-specific CTL clone 5 
(8) A) The RMA-5 MHC class l-peptide binding assay w* 5 
performed as previously described (1 2). Cells were stained 
with mAb specific for H-2D b (41) and a fluorescein isothio- 
cyarate-labeled second Ab. The percentage of Undine to CT 
was calculated by the formula: % of binding to Q b = 100 X 
[[mean fluoresces experimental well - mean ^ora^ce 
backBroufid}/(rnean fluoresence WT peptide SCPSNTPPB at 
a concentration of 100 ?M - mean fluoresce back- 
ground)!. Mean values ± SD of four experiments are shown, 
fl) Recognition of syngeneic EW cells by B6 AdSEiA-spe- 
ciflc CTL-clone 5 incubated with WT and mutant peptides in 
10-fold dilutions. The mean percentage of specific lysis as 
determined by an Eu^release cytotoxicity assay ± SD of 
five experiments by an effector^to-target cell ratio of 10 Is 
shown. 



the nature of the CTL-epitope(s) presented by the (mutant) 
Ad5El -transformed cells, 

CTL clone 42, which was raised against Ad5El(Wt; 
MEC. lysed Ad5El(wt) MEC and Ad5El(T->I) MEC, 
whereas untransforrned MEC and Ad5El(P^S) MEC 
were not lysed (Fig, 3A). CTL clone 42 recognized WT, 
T-+L and P-*S decapeptides at the concentration used in 
the cytotoxicity assay. Thus, CTL done 42 shows the 
same specificity pattern as CTL clone 5 and other previ- 
ously described Ad5ElA-specific CTL clones (10, 11> 

CTL clones raised against Ad5El(T-*I) MEC and 
Ad5El(P-*S) MEC displayed a different recognition pro- 
file. These CTL, although lysing both mutant- and WT 
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35 Ad5ElA.*pec>nc 

CTL dona 5 



ft 



CTL clone 43, 
toil B6 AdSZl(wt) celi^ 



B6 VOEC 



2.S 



10 



30 eh- 



FICUKE 2. Specific lyis of unr/an$fbrmed 86 MEC and B6 
Ad5£l transformed tumor cell lines expressing a WT or mu- 
tant AdSEIA-encoded epitope by 86 AdSEl A-specific CTL 
clooe 5 as determined by an Eu 3 *-release cytotoxicity assay. 
Target cells: untransformed B6 MEC; B6 AdSEl (wt) r expre$s- 
ing the WT peptide SGPSNTPPEI; 06 AdSEl (T-*J), express- 
ing peptide SGP5N1PPEI) and B6 Ad5E1(P-*5) expressing 
peptide SCP5NTPSEI. 



Ad5El'transformcd cells, did not recognize any of the WT 
AdSElA, T-*-I and J»-*S peptides (Fig. 3). The lysis of 
Ad5El MEC cannot be attributed to lymphokine-activated 
kUlei* cell- or NK cell-like activity. First, the recognition of 
these cells is CDS mediated, as it can be blocked by anti- 
CD8 Abs (Fig. 4A). Furthermore, these CTL clones are 
H-2D -restricted because they were able to kiLl Ad5El- 
transformed target cells of B6 (K* D*) and 4R (K k , D*) 
origin, but not of 5R (K b , D d ) origin (Fig. 4B). Moreover, 
anti-H-2D b Abs, but doc and-H^K* Abs were able to in^ 
hibit the lysis of B6 Ad5El MEC (data not shown). Taken 
together, these results indicate that Ad5El(wi) MEC ex- 
press additional antigenic sites, distinct from the AdSElA- 
encoded peptide SGPSNTPPEI, that are recognized by 
H-20 b -restricted CTL clones. 

In an attempt to establish the identity of the antigenic 
peptide recognized by these CTL clones, AdElA and/or 
AdElB containing plasmids were cotransfected into COS 
cells together with the H-2D b gene. After 72 h, the trans- 
acted COS cells were tested for the expression of the Ag 
in -their ability to cause TNF release by the relevant CTL. 
The presence of TNF in the culture supernatant was mea- 
sured by the cytotoxic effect on WEHI-164 done 13 cells 
(30). B6 CTL done 5, directed against Ad5ElA* recog- 
nized only COS cells transfected with the H-2D b gene to- 
gether with plasmids containing the Ad5ElA-geae (Table 
I). B6 CTL clone 02, generated against B6 Ad5El(T->n 
MEC, recognized COS Cells eotransfected with the 
gene and plasmids containing the Ad5ElB-gene coding 
for the 55-kDa AdSElB-gene product (Table I). In addi- 
tion, six other CTL clones directed against mutant Ad5El 
MEC were only stimulated by COS cells transfected with 
H-2D 0 and plasmids coding for the 55-kDa AdSElB gene 
product (data not shown). These results indicate that the 




Btf Ad5El(wO 
D« *d5El(T<»t> 
B<Ad5El(P->S) 
Bf MEC 

Bf MEC * SCPSNTPTm 

WMEc^scpsr^yna 

B4MSC*SCFSEnTP5EZ 



60 



" so 

* 30 



10- 



60 

CI * 

a 

-a 4 

26 



CTL clone 01. 

ontl B« AdSEl(T»I) cell* 




Btf Ad5El(wO 
1M Ad5Bl(T->Tj 

B4MZC 

14 MEC f SCT3NJFPE1 




20 Err 



CTL «Imu 21, 

nad 36 Ad5Ein>oS) e»)U 




36 AdSEl[wt) 

B6Ad5Sl(P->3> 

B6MEC 

BC MAC + SGPSNTPgEI 



10 



10 ZfT 



FIGURE 3. Recognition pattern of CTL clones generated 
against WT arid mutant 06 Ad5 E 1 - transformed tumor cells. 
Lytic activity of B6 CTL done 42 raised against B6 Ad5El(w0 
MEC (Ah B6 CTL done 01, raised against 36 Ad5E1(T-*l) 
MEC id) and 86 CTL clone 21, raised against B6 Ad5E1 
(P-*S) MEC (O on unfransformed B6 MEC (unloaded or pep- 
tide loaded (0.5 tiM)) and B6 AdSEl -transformed tumor cells 
expressing a WT or mutant AdSEl A-encoded epitope at dif- 
ferent etfector-to-target cell ratios Is shown- Lytic activity was 
determined by an Eu 3+ -release cytotoxicity assay. Target 
cells: untransfDrmed B6 MEC; B6 Ad5EI(wtl expressing the 
VVT peptide SGPSNTPPEI; B6 Ad5ET(T— *f), expressing 
the peptide SGP5N1PPEI, and B6 Ad5E1 (P->5) expressing the 
peptide SGPSNTPPEI. 

AdSElB 55-kDa geae was responsible for the expression 
Of the Ag recognized by CTL clones generated against 
mutant Ad5El MEC 

To identify the peptide recognized by the Ad5ElB-spe- 
cific CTL denes, the amino acid sequence of the AdSElB 
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CTL clone 01, CTt <J6Qw 21. 

and B6* Ad5Bl(T->D cells ^.boU D6 AdSEl(P->£) cttls 




B6 AdSEIHO 
Hi Ad5E3{w4 + u^-ClM 
B6 Ad5tf<*0 ♦ ond-CDS 
B6 MHC 



Bti Ad5El(vn)(K b ,D fc > 
*RAd5EI(w0 (KM) k > 
SH AdSEKtrt) (lC.I> d > 
MMEC(K b ,I» b ) 



FIGURE 4. Recognition pattern of B6 
CTL clones generated against mutant 8& 
Ad5E1 -transformed tumor cel^. A) Lytic 
activity of B6 CTL clone 01, raised against 
B6 AdSEifJ-H) Mfc!C and B6 CTt clone 
21, raised against B6 Ad5El(P->S) MEC 
on untransformed B6 MEC and B6 
Ad5EUwt) MEC was tested in the absence 
Or presence of anti-CD4 (42) or anti-CDS 
(43) mAb. Lysis of B6 Ad5E1(wt> MEC 
could be inhibited by anti-CDd, but not by 
anti-CD4 mAb. fl) Lytic activity of B6 CTT. 
clones Ql and 21 on un transformed B& 
MEC and AdSEl(wc) transformed tumor 
cell9 of various H-2 types. Only AdSEl- 
transformed tumor cells expressing H-2D* 
are fysed. Percentage Of Specific lysis as 
determined by an Cu 3 * -release cytotoxic- 
ity assay at different eflfector-to-iarget cell 
ratios is shown. 
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Table I. Stimulation of CTL clone 5 and CTL dons 02 by COS 
cells trans feded with different AdE 7 A and AdElB-conalnlng 
p/as/n/ds 3 





CTL clonfr 5 


CTL clone 02 




anii B6 


enri Bfi 


Plasmid 


AdSEl (w0 


Ad5E1 fT— I) 




0 


0 




12 


-1 


O* + 5E1A/5E1B 


102 


102 


D* ^SElA/lzElB 


101 


-11 


D 1 * + 12E1>V5E1B 


19 


102 


D b + 12E1A/12EIB 


1 


-12 


5E1A 


102 


-13 


r> + 5EI6 


20 


100 


D 6 +SE1A/5E1B (55 kD) 


103 


101 


* SE7A/5E16 (21 kD) 


103 


15 



J COS cells orarufected with pcDNAJ/Amp containing H-2D b and plwnidr 
harbCfi/ig different AdEI A and/or E1 B genes were used as wimulatoT cells for 
CTL clone S and CTL clone 02 as described in Mqfww/j and Methods. Coni/ob 
were uniransfected COS cell* or COS cells iransfeaed with only hWDK 

Present <?r JNF in supernatant upon scimub ton of CTL i& depicted as % 
VVeHI-1 W done cell death. Percentage of HI- 164 clone 1 1 cell death 
was calculated by the formula; M - <OD S30 _ iSO In sample wcHv f OD a j O _ 4S0 
in wfr[|s containing untransfected CQ$ cell* and CTU1 * )00. 



55-kDa protein wras screened for the presence of pepddc 
motifs for the H-2D b -molecule (44, 45), a method success- 
fully applied to identify a Listeria monocytogenes epitope 
(46) and a murine leukemia virus CTL epitope (5). All 21 
peptides encoded by Ad5ElB 55 kDa that fulfilled the 
criteria of the H-2D b motif (see Materials and Methods) 
were synthesized ia bulk quantities and tested for recog- 
nition by CTL directed against Ad5ElB. As shown in Fig. 
5, one peptide sensitized RMA cells for lysis by CTL 
clone 21. This 9-rner peptide (sequence: VN1RNCCYI, 
position 192-200 of the 55-kDa Ad5ElB protein) was also 
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FIGURE 5* Recognition of AdSElB 55»kDa lW , i0Q en- 
coded peptide VNlRNCCYI by B6 CTL clone 21, generated 
against B6 Ad5El iP~*5) cells. Syngeneic RMA cells un- 
loaded or loaded with 21 H-2D b -motif bearing Ad5El6 55- 
kOa encoded peptides (see Materials and Methods) or 
Ad5ElA 23 4-2^ peptide 5GPSNTPPEI were used as target 
ceils for B6 CTL clone 21 and 0$ AdSEI A-Specific CTL clone 
5 in an Eu 3 "*-n» lease Cytotoxicity assay. Peptide concentra- 
tions during the experiment were 0.5 fiM. Percentage of spe- 
cific lysis at an effector-bo- target cell ratio of 1 0 is shown. 

recognized by CTL clone 21 and five other independently 
derived CTL clones, generated against mutant Ad5Bl 
MEC (data not shown). Thus, B6 Ad5El(wt) transformed 
tumOr Cells present, in addition to an AdiElA-encoded 
epitope, a CTL epitope which is derived t>om the 55 kDa t 
protein of AdiElB. This epitope harbors an H-2D b - 
speciflc peptide motif and is recognized by jH-2D^ 
restricted CTL clones. 
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AdSEl B-specific CTL dp not kill AdSEl + ras* 
transformed cells 

The activated ray oncogene has been strongly implicated 
in the development of human malignancies (47, 48). Fur- 
thermore, experiments in a rat modelsyatem have shown 
that AdSEl-transformed cells expressing aa activated ras 
oncogene, are highly oncogenic in immunocompetent syn- 
geneic animals (49). To create a model fox immunotherapy 
and vaccination strategies in immimocompeteni animals 
we Investigated the effect of an activated ros oncogene on 
the tumorigenicity of AdSE* -transformed MEC in immu- 
nocompetent animals. Therefore, we generated cell lines 
trarjformed by AdSEl and the EJros oncogene, Interest- 
ingly, several of these cell lines were tumorigenic both in 
nude and immunocompetent animals, despite the fact that 
they harbor coding sequences to at least two CTL 
epitopes (A. R. Ofting, R. E. M. Toes, R_ J. J. Blom, 
C J. M. Melief, and W. M. Kast, unpublished results). 
This suggests that AdSEl + ros MEC evade destruction 
by the T cell-mediated immune response. B6 CTL clone 5 
directed against AdSElA, and AdSBlB-specLfic CTL 
clones 01 and 21 were tested for their ability to lyse B6* 
MEC transformed by Ad5El + EJraj (AdSEl 4- ros 
MEC). Interestingly, these target cells were only lyscd by 
AdSElA-spccirlc CTL clone 5, but not by the AdSE IB- 
specific CTL clones (Fig. 6), The observation that AdSEl 
+ my-transformed tumor cells are not lysed by AdSElB- 
specific CTL cannot be explained by a decrease of MHC 
class X expression on AdSEl +• ^transformed cells, be- 
cause AdSEl + ros MEC and AdSEl cells have similar 
MHC class I expression levels (Fig. 7). The failure of 
AdSElB-Specific CTL to lyse Ad5El +• ras CgIIs is also 
not attributable to an overall resistance to CTL-rncdiated 
cytotoxicity, because addition of the synthetic AdSElB- 
encoded peptide VNIRNCCYI to Ad5El + ras MEC re- 
sulted in lysis by AdSElB-specific CTL (data not shown). 
To demonstrate that the resistance of AdSEl +• ray MEC 
to killing by AdSElB-specirlc CTL was caused by the ac- 
tion of the EJroj oncogene, rather than by differences be- 
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FIGURE 7, MHC class I expression levels of AdSEl (wO 
MEC and AdSEl + t*s MEC aj determined by PACS-analysis. 
H-2K b (pane/ A) and H-2D b (panel &\ expression of 
AdSEl (w0 MEC and H-2K b (panel Q and H-20* {panel D) 

expression of Ad5E1 + rasM£C. fluorescein isothio- 

cyanate-labeled goat anti-mouse second Ab only; 1 * - = 
MHC class I expression after culturing the cells without 
IFN-7; = MHC class \ expression after culturing the cells 
with IFN- 7 . MHC class I expression levels after culturing the 
cells with I Fishy are given, because all target cells used in a 
cell-mediated lymphocyte Cytotoxicity assay were treated for 
2 days with 1 0 U lFN-y before use in the cell-mediated lym- 
phocyte cytotoxicity assay. 



tween individual cell lines, Ad5El(wt) MEC and 
AdSEl(P-*S) MEC were supertransfected with the EJ«u 
oncogene. These supertransfected cells were not lysed by 
CTL clones 01 and 21, whereas Ad5El(wt) MEC and 
Ad5El(F-*S) MEC supertransfected only with the hygro- 
mycinc resistance gene were still efficiently lysed by the 
CTL Clones (Table II). Although the AdSElB^protcio ex- 
pression varied between the cell lines, there is no correla- 
tion between Ad5ElB-protein levels and sensitivity to lysis 
by Ac3El&-spccific CTL: cell lines expressing a relatively 
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Table II. Lysis of 86 Ad5E)(wt) und B6 Ad5£l (P-*S) cell? by AdSttB*. but not by AdSEIA-, specific CTL clones is abolished by 
supertransfecwd of tne activated E/ras osteogens' 
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SEltwt) 


5E1(wt> 
hyy. 


SEKWfl 
hygr.f-ta* A 


SEllwO 
hysr.+ras B 


hygr- 


hygn-r-rai 


CTL clone 5 
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100 
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100 


68 


B7 


112 


3 
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8ni/ Ad5£lfwt) 
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97 
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96 


71 


62 


94 
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9 
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67 
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76 


45 


52 


84 
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CTL clone 01 


0 


90 


90 


91 


71 


7 


15 


85 




anti Ad5El(T-*|) 


0 


79 


75 


74 


58 
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14 


67 


7 : 




-1 


58 


57 


72 


19 
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10 


46 
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CTL clone 21 
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94 


100 


97 


53 


-1 


11 


92 
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anti Ad5El[P-*Sl 
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96 


105 


93 


55 


-S 


10 


aa 


10 
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87 


94 


81 


48 


-10 
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73 


10 



* lytic activity Of 96 Ad5El A-lpecific CTL done 5 and 9fi AdSEI B-spscific CTL clones 01 and 21 Ofl B6 M6C, $$ r*d3dl(T-*I> MSC W AdSEI (P-»5) MEC .1 

96 AdSEI (wt) MEC, B6 Ad5E1 (wtj MEC supenransfected with only the h ya rem y cine rwt»ttn« &en«, B6 Ad5d two MEC lupertrarisfocted with the hygnmyciftc T? 

reststaiice gene and EJraj (two independent clones A and p), B$ Ad El (P^-Si MEC iupertraji steered with only the hygromyclfte finance gen* and 86 AdSEKP-rS) "J 
MEC supcrransfBCtBd with the hygrwnycine resistance gene and £)ras. Exprwiion of ejrw wA5 confirmed at tho pro tern level by Western Wotting with the use of 

mAb Yl 3-25$ (50}. Percentage of specific tysls as determined by an Eu J "-cdcasc cytotoxicity assay al effector-ta-tatget celt ratios of 10, 3. and 2.3 arc shown. & 



low level of Ad5ElB protein (see Figure 8, tones J or 8) are 
lysed, whereas cell lines expressing a higher level of AdSElB 
(see Figure 8, Umes 6 and 7) are not lysed by Ad5ElB-spe- 
cific CTL clones (Table H), Also the MHC class I expression 
cannot explain the insensitrvity of Ad5El(wt) + for or 
Ad5El(P-»S) + ros MEC by Ad5£lB-specific CTL clones, 
because these cells express considerable levels of MHC class 
I (Fig. 9). Furthermore (super)traftsfecrion of Ad5El(wt) 
MHC with EJros did noc abolish recognition by [he Ad5ElA- 
specific CTL (Fig. 6; Table H), suggesting that the EJna? 
oncogene selectively influences the presentation of the 
Ad5ElB*ncoded CTL epitope by the tumor cells. 

Efficient tumor eradication in vivo by CTL generated 
against mutant Ad5El MEC 

In a previous report we demons crated that Ad3 El -induced 
tumors in Bo* nude mice can be efficiently eradicated by a 
singj& injection of B6 Ad5ElA-*peciflc CTL clone 5, pro- 
vided chat rlL-2 was given simultaneously (10). To test 
whether CTL clones directed against the Ad5ElB-cn- 
coded CTL epitope can also destroy tumors in vivo, B6 
nude mice were Inoculated with 10 7 Ad5El(wt) MEC 
Two weeks later, at the time when all mice had developed 
tumors, these mice were treated with B6 Ad5E IB-specific 
CTL clone 01 or 21 in combination with rIL-2. Both CTL 
clones were, Hk» the Ad5ElA-5pecifio CTL done 5, Ca- 
pable of efficient tumor eradication (Fig. 10), indicating 
that CTL activity directed against different CTL epitopes 
expressed by the same tumor can serve as a potent tool for 
tumor-destruction in vivo. 

Discussion 

B6 Ad5El(wt) MEC present at least two CTL epitopes to 
the immune system. One CTL epitope is encoded by 
AdSElA, whereas the second CTL epitope is located on 
another viral gene product, namely the 55-kDa AdSElB 



protein. The observation that the T cell immune response 
is directed to more than One adenovirus encoded gene- 
product might have important Implications for adenovirus* 
based in vivo gene therapy, as it has been described thar an 
adcnovirus-spccific cellular immune response can severely 
hamper the elf sciiveness of adenovirus- ba9ed gene therapy 
(54). One approach for improving recombinant adenovi- 
ruses for gene therapy is based on crippling the virus to 
limit the expression of viral genes to prevent a virus-spe- 
cific cellular immune response. The observation, even on 
one genetic background, chat Ad5El-u-ansformcd tumor 
cells express at least two CTL epitopes that can mediate 
protective immunity, might severely limit such an ap- 
proach. This is especially true if the approach is designed 
for an outbred (human) population. 

Previously, we showed that ten out of ten independently 
derived CTL clones generated against Ad5El(wt) MEC 
recognized the AdSElA-encoded CTL epitope SGPSNT 
PFEI (10), suggesting the immunodorninance of this 
epitope in the Ad5El-specific immune response. Data re- 
ported by others (55) supported this notion, since immu- 
nization of H-2 b mice with whole Ad5 virus induced an 
H-2D b -reStricted T cell response that was directed against 
AdSEtA, despite the expression of a variety of other viral 
proteins by the infected cells. The AdSElA gene encodes 
proteins that also seem to be immunodominant in the con- 
text of other MHC class I molecules (56, 57), although 
AdSEI A is not a major target Ag for AdS-specific CTL in 
either BALB/c (H-7*) or C3H/HeJ (H-2 1 ) mice (55). We 
now demonstrate that mice expressing H-2* 1 are also able 
to mount a strong CTL response directed against a second, 
Ad5ElB-encoded epitope. At first, we only observed the 
Ad5ElB-specific response after irnmunization of mice 
with mutant Ad5El MEC that harbor a mutation in the 
Ad5ElA-encoded epitope (Fig. 3). Further experimenta- 
tion, however, revealed that this specificity COuld also be 
raised by Immunizing mice with Ad5El(wt) MEC (data 
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FIGURE S., Ad5E1B-protein expression levels In Ad5Et- 
transformerf cell lines. Equivalent amounts of celt lysates 
were assayed by Western blotting essentially as described by 
Harlow and Lane (51). The AdSEl B protein was detected by 
mouse mAb A1C6 (52). Lane 7: 86 MEC; 2: 86 AdSEl 
(T-H) MEC; fane 3: B$ AdSEl (P— ►$) MEC; /ane 4- B6 
AdSEl (wt3 MEC; lane 5t 66 AdSEl (wt) MEC supertransfected 
with only the hygromycine resistance gene; lanes 6 and 7- B$ 
Ad5E1 (wt) MEC supertransfected with the hygfomycine re- 
sistance gene and E}ra$ (two independent clones; A and 0) 
lane Q: B6 AdSEl (P-*S) MEC supertransfected with only the 
hygromycine resistance gene; lane 9: B6 AdSEl (P-*5) MEC 
supertransfected with the hygromycine resistance gene and 
EJ/as. Protein bands marked by ♦ represent nonspec/fic back- 
ground, because these band? were also present after incuba- 
tion of the blot with goat anti-mouse Abs and, subsequently, 
streptavidlrvtiorseradfsh peroxidase and the chemiluminis- 
cence reagents ("second step only") (53). These background 
bands were used as a reference for protein amounts foaded 
The relative AdSEl B-expression in the different cell lines was 
quantitated after densitom^tric analysis by calculating the ratio: 
AdS^IB-signaWrsecond step on!y"-sfanaJ and AdSEl B-s/gnaJ) 
Lane 1: 0, lane 2i 0.65, bne 3: 0.40, lane 4; 0.80, lane 5: 0 67 
lane $: 0.60; tane 7\ 0.48, lane 8: 0.T 7, hne 9: 0 1 8 



not shown). Thus, Ad5El<wr) tumor cells are ap]e to in- 
duce a CTL response against both the AdSElA- and 
Ad5E IB -encoded CTL epitopes. 

Bo mice not only have the ability to raise immunity 
against each of these epitopes, but also CTL directed 
against either of these epitopes can eradicate established 
tumors upon adoptive transfer (Fig. 10). The latter obser- 
vation holda premise for the immunotherapeutic treatment 
of malignancies. Several studies of both virally and non- 
virally induced rumors have shown that cursor cells can, 
like viruses, escape from destruction through mutation or 
down-modulation of T cell epitopes. (13, 58-63). 
In the treatment and prevention of malignancies, it might 
therefore be important to direct the immune response to 
several T cell epitopes, thereby reducing the risk of tumor 
cell escapes from immune surveillance via A$ loss or mu- 



3403 



« 1 




FIGURE 9. H-2D -expression levels of the tumor celJ lines 
listed in Table IJ. 1 ) B6 MEC; 2) 66 Ad5El CT-H) MEC; 3) B6 
Ad5E7(P^S) MEC; 4) 06 AdSEl (wt) MEQ 5) fi6 Ac*5E7(wt) 
MEC Supertransfected with only the hyg^mycine resistance 
gene; 6) and 7) B6 Ad5El (wt) MEC wpertransfected with the 
hygromycine resistance gene and EJres (two independent 
clones; A and fi); B) B6 Ad5Et(P— 5] MEC supertansfected 
with only the hygromycine resistance gene; 9) B6 Ad5El 
(F^S) MEC Supertansfected with the hygromycine resistance 
gene and l)r&. H-2D b expression levels are shown after cul- 
turing the cells for 2 days with 1 rj u \fN-y (see also figure 7.). 
White bars: fluorescein fsothiocyanate-labefed goat anti- 
mouse second Ab only; dashed bars: mAb specific for H-2D* 
(47) and a fluorescein isothiocyanate-labeled goat anti- 
mouse Ab. 
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30 Day* 30 



FIGURE 10- Treatment of B6 nude mice carryfng a subcu- 
taneous B6 Ad5E1 tumor. B6 nude mice carrying AdSEl (wt), 
induced tumors were left untreated (closed triangle?), or were 
treated at day zero by i.v. injection of T .5 X TO 7 B6 AdrE1 A- 
specific CTL clone 5 (open squares), 1 .5 X TO 7 B$ AdSEl B- 
specific CTL clone 01 (open trinagles), or 1.5 X 10 7 B6 
AdSEl B-$pecific CTL clone 21 (open circles) in combination 
with 2.5 x 10 s Cetus units of HL-2 in IF A, 



tation. Results from studies with human tumors imply that 
such a clinical approach is indeed feasible. Multiple tumor 
Ags have, for instance, been identified in human mela- 
noma (18-24). 

Finally, our data also reveal a potential complication of 
cancer immunotherapy. A05E1 + ms MEC that contain 
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an activated U-ras oncogene (EJrcw), in addition to the 
AdSEl -transforming genes, do not show sensitivity to ly- 
sis by AdSElB-specific CTL (Fig. 6; Table II). The failure 
of the AdSElB-specific CTL to Jyse these rumor cells docs 
not involve insufficient protein expression levels of either 
MHC class I or Ad5ElB (Figs. 7-9). Furthermore, Ad5El 
+ ras MEC do not display an overall resistance to CTL- 
mediated lysis, because these cells are efficiently killed by 
AdSElA-speclflc CTL (Fig. 6; Table II). Taken together, 
these data suggest that in EJroj-expres$iqg rumor cells, the 
presentation of the AdSElB epitope is affected. Appar- 
ently* tbe EJror-i*duced transfonrution process somehow 
interferes with the processing of the AdSElB protein, 
while not deteciably altering the processing of the 
AdSElA gene product. We are testing whether transfor- 
mation by EJras may alter the presentation of additional T 
cell epitopes. Because activated ras oncogenes have been 
strongly implicated in the development of human cancer, 
modulation of T cell epitopes by a raj-induced mechanism 
may be instrumental in the failure of T cell immunity 
against malignant tumors in humans (47, 46). 

In conclusion, we show that the immune response 
against different T cell epitopes can be employed in tumor- 
specific Imrnunocherapy. Down-modulation of some of the 
epitopes involved may, however, compromise the effec- 
tiveness of the immunotherapy. The latter observation 
stresses the importance of directing the anti-tumor im- 
mune response to multiple T cell epitopes, thereby mini- 
mizing the chance of T cell immune response evasion by 
tumor cells. 
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